The effect of yarn torsional rigidity was verified on the Cooper model for fabric bending rigidity in any direction. We made five cotton fabrics with different weft densities and prepared three commercial fabrics as experimental samples. The torsional rigidity of yarn from the bobbin and that of yarn directly extracted from fabric were measured with a yarn torsional tester. The bending rigidity of yarn from the bobbin was measured using the same pure bending tester as used in fabric bending testing. The bending rigidity of thin fabric was calculated using torsional rigidities of yarns extracted from the fabric and showed better agreement with the experimental values than that calculated using the torsional rigidity of yarn from the bobbin. Indeed, measurements showed that the torsional rigidity of yarn from the bobbin was appreciably higher than the torsional rigidity of yarn from the fabric. This is due to the crimp in the yarn. The fabric bending rigidity can be predicted using the Cooper model with torsional rigidities of yarns extracted from the fabric.
When designing clothing and furniture, the bending properties of fabric are important, because they affect the hand and draping behavior. The bending of fabric must therefore be considered when designing products.
The hand and draping properties are directly linked to the bending properties of the fabric and the yarn. If fabric bending properties can be predicted using only the yarn properties, appropriate yarn can be selected according to the fabric's intended use. Additionally, fabric is an anisotropic material, and thus its properties in all directions should be considered.
Numerous studies have measured the bending rigidity and bending hysteresis of fabric. The quantitative evaluation of the bending behavior of woven fabric started with the work of Pierce, 1 who developed a method of measuring bending rigidity under low stress. Grosberg 2 showed that the fabric bending behavior depends on two factors: the bending rigidity and the frictional restraint couple. Pierce was the first to construct a model that could be used to estimate a fabric's bending stiffness in any direction from the anisotropic Young's modulus for the fabric. Go et al. 3 elaborated a bending stiffness model for woven fabric using the bending rigidity of yarn without torsional rigidity, and neglecting the crimp effect. Cooper 4 established a bending model for any direction taking into account the effect of the torsional rigidity on the bending behavior of fabric. Chapman and Hearle 5 also investigated a method of predicting bending rigidity using an energy method, and ultimately obtained the same model as Cooper. Shinohara et al. 6 went further to explain the torsional component of Cooper's model. They showed the effect of yarn torsional rigidity on fabric bending in the bias direction, qualitatively. However, the effect of yarn torsional rigidity on fabric bending rigidity has not been clarified experimentally. Yarn bending and torsional rigidities have to be measured to validate the model.
The measurement of yarn properties is difficult owing to the small torque and bending moment, in addition to unevenness. The first yarn bending measurement was carried out by Pierce, 1 employing a cantilever method also used for fabrics. Saxl, 7 Horio and Onogi, 8 and other researchers have developed methods of measuring the bending rigidity of yarns. A pure bending tester for fabric and yarn was developed by Isshi, 9 opening the door for the development of a modern apparatus. The Kawabata Evaluation System (KES) FB-2 for pure bending is currently used to test fabric and yarns. 10 The yarn torque can be measured using a torsion pendulum, but the results can be distorted by a damping factor. 11 Measurements using a torsional tester, such as a galvanometer, are also common. 12 Furthermore, KES-YN1 is used to obtain the yarn torsional rigidity. [13] [14] [15] The simulation of fabric properties using yarn properties is carried out around the world. [16] [17] [18] [19] [20] When simulating fabric bending behavior, it is important to take into account yarn properties such as tensile, transverse compression, bending, and torsion properties. Current simulations use the estimated or measured yarn tensile modulus, while bending and torsional moduli are calculated from a tensile modulus assumed to be isotropic. However, yarns are discontinuous and anisotropic, and bending and torsional moduli are thus independent of the tensile modulus. It is necessary to include those effects in a future model to realize a more accurate simulation.
In this study, the effect of yarn torsional rigidity on fabric bending rigidity in any direction is verified experimentally. The fabric bending rigidity is calculated using the measured yarn bending and torsional rigidities, and the results compared with the bending rigidity of fabric measured in several directions. Furthermore, the effect of crimp on the torsional rigidity of yarn is discussed.
Theoretical
Cooper 4 proposed a mathematical model with which to calculate the bending rigidity of woven fabric in any direction, according to the yarn bending rigidity and a torsional component. Shinohara et al. 6 then clarified the model to get the torsional component from the yarn torsional rigidity and yarn density.
In Cooper's model, the bending rigidity in warp and weft is estimated using the relation
where B f is the bending rigidity of the fabric in N cm 2 /cm, n is the yarn density in the testing direction in yarns/cm, and B y is the bending rigidity of a yarn in N cm 2 . The bending rigidity of the fabric can then be estimated for any direction using
where is the angle of the fabric from the warp, J is the effective torsional rigidity per yarn of the warp and weft assemblies as they exist in the fabric structure, and the subscripts 1 and 2, respectively, refer to the warp and weft directions. Shinohara et al. 6 then explained the J term by showing that it could be defined as J ¼ J y n, where J y is the yarn torsional rigidity in N cm 2 /2p. Therefore
However, Cooper and Shinohara et al. did not provide an experimental verification for the torsional rigidity of yarn.
When the same yarn is used for both warp and weft, equation (3) can be simplified as
where B y is the bending rigidity of the yarn and J y is the torsional rigidity of the yarn.
Experimental
To verify the relationship between yarn rigidities and the bending properties of a fabric in various directions, yarn bending and torsional rigidities were measured and the fabric bending rigidity was calculated using equation (3), and the results were compared with the bending rigidity of fabric measured in several directions. To investigate the effect of crimp, the torsional rigidity of straight yarns from a bobbin was compared with that of crimped yarn extracted from fabric.
Measurement of yarn torsional rigidity and fabric and yarn bending rigidities
Yarn torsional rigidity. To obtain torsional rigidity, a KES-YN1 yarn torsional tester (Kato Tech Co. Ltd., Kyoto, Japan) was used, as shown in Figure 1 . This device allows the measurement of the twist angle and torque of the yarn. In the tester, the yarn is placed between two clamps, one movable and one fixed. The movable part of the apparatus then makes a 6p rotation in one direction and then a 12p rotation in the other, and returns to its original position, while the device registers the torque and twist angle. Torsional rigidity is obtained from the mean of the two slopes between 2p and 4p in forward rotation and between À2p and À4p in backward rotation. The rotating speed is p/15 s À1 . An example of a torque-twist angle curve is shown in Figure 2 . The asymmetry is due to the nature of the yarn. The torque will be higher when rotating in the direction of the twist, because it increases the twist, while rotating in the opposite direction of the twist will untwist the yarn.
To minimize yarn tension in the torsional test, the yarn sample was subjected only to the weight of the clamp (0.342 g) and its own weight during the testing process. The effective sample length was 3 cm. To test crimped yarns, an additional weight of 0:2T tex þ 4
ð ÞcN was added, where T tex is the yarn count in tex, when making the 3 cm length yarn samples to obtain a constant crimp according to the Japanese Industrial Standards (JIS) for testing fabrics (JIS L1096:2010 21 ). Figure 3 shows a sample layout. For bobbin yarn, to guarantee a constant length for all samples, a preload equivalent to the weight of 200 m of yarn was applied when making a sample. Then, after 24 hours under standard conditions (temperature of 20 AE 1 C and relative humidity of 65 AE 5%), the yarn torsional rigidity was measured. Twenty-five samples for each kind of yarn were prepared and then tested.
Yarn bending rigidity. Yarn bending rigidity was measured using the Kawabata KES-FB2 pure bending tester (Kato Tech Co. Ltd). 10 The bending rigidity is obtained from the mean of the two slopes between curvatures of 0.5 and 1.5 cm À1 in the forward direction and between À0.5 and À1.5 cm À1 in the backward direction. Cotton yarn has low bending rigidity and does not have a homogeneous structure along its length, and it is thus difficult to accurately obtain the bending rigidity for a single yarn. Therefore, usually, multiple yarns distributed with densities of 10-20 yarns/cm over 2 cm were tested together, as shown in Figure 4 . For the yarn torsional rigidity samples, a weight equivalent to 200 m of the yarn was applied during the placing of the yarn to guarantee a constant length for all yarns. To obtain more accurate measurements, 100-and 200-yarn samples distributed over 10 cm, as shown in Figure 5 , were tested. The two had similar accuracy, and thus it was decided to prepare samples of 100 yarns. An example of a yarn bending rigidity curve is shown in Figure 6 . Fifteen samples per kind of yarn were prepared. After being conditioned for 24 hours under the standard conditions, the samples were tested.
Fabric bending rigidity. A Kawabata KES-FB2 pure bending tester (Kato Tech Co. Ltd) 10 was used to measure the bending rigidity of the fabric samples. For the fabric bending measurement, 20 cm Â 20 cm samples were prepared along the warp, along the weft, and at 22.5 , 45 , and 67.5 from the warp (0 ). Five samples were prepared for each testing direction. Then, after conditioning the samples for 24 hours under the standards conditions, the bending rigidity of the samples was measured. 
Test materials
Eight kinds of plain woven cotton fabric samples were prepared/tested, as shown in Table 1 . The fabrics for samples A-E were made using the same cotton nonsized yarn in the warp and weft, and using the same weaving loom. Only the weft density was changed for each sample. For samples A-E, both raw yarn from a bobbin and extracted yarns were used in testing the torsional and bending rigidities to compare the crimp effect. Cotton yarn for samples A-E were made in the same conditions, and the twist factor was K ¼ 5.0. The high volume instrument (HVI) data for the cotton used gave an average length of 36.6 mm and a fineness of 0.15 tex. The fabrics for samples F-H were commercial products. For samples F-H, yarns were directly extracted from the fabric for yarn testing. In yarn bending tests, 10 cm-wide samples were used for samples A to E, and 2 cm-wide samples were used for samples F-H. Table 2 gives the measured bending rigidities of yarns. Figure 7 compares the torsional rigidities of yarns extracted from the fabric with the torsional rigidity of bobbin yarns. The torsional rigidities of yarns extracted from the fabric were very similar among all produced samples, even if the weft density differed. However, there was a large difference between the torsional rigidity of yarn taken directly from the bobbin. This could be due to crimp. Table 3 gives the measured torsional rigidities of yarns for samples A-C.
Results and discussion
With the measured values of yarn properties, equation (3) was verified. Two measurements of each yarn's torsional rigidity were used in calculating the fabric bending rigidities: one for a yarn directly taken from the bobbin, and the other for yarn extracted from each fabric sample in both the warp and weft. The experimental and calculated fabric bending rigidities are compared in Figures 8-15 .
Because the yarn torsional rigidity did not affect the bending rigidity in the yarn direction, errors in warp and weft direction were due to the measured yarn bending rigidity. Samples C, D, and E had good agreement in yarn directions, but samples A and B were slightly different. Figure 16 shows bending rigidity per yarn calculated from fabric bending rigidity using equation (1), and measured yarn bending rigidity from the bobbin for samples A-E. It was found that the calculated yarn bending rigidities of lower weft densities were lower than those of higher density fabrics, especially in the weft direction. Samples A and B had the lowest weft density, and their calculated bending rigidities of yarn were lower than the measured yarn bending rigidity. This caused the difference in the calculated fabric bending rigidities for warp and weft directions.
In the bias directions of samples A-E, the calculated bending rigidity with yarns extracted from the fabric had better agreement than with the yarn taken from the bobbin. In the calculation of bending rigidity with yarn from the bobbin, the error was a maximum in the 45 direction. This error is clearly explained by the J y value in equation (4) . Figure 7 shows that yarn torsional rigidity of yarn extracted from fabric were significantly lower than yarn torsional rigidity of yarn from the bobbin. This could be due to the crimp effect.
If the torsional rigidity of yarn directly extracted from the bobbin is measured, the fabric bending rigidity can be calculated before weaving. However, the results show that better results are obtained using the torsional rigidity of extracted yarns.
Samples F, G, and H are commercial products, and yarn on the bobbin was not available. Thus, only the properties measured for the yarn extracted from the fabric were used. The three samples had good agreement between calculated and experimental fabric bending rigidity, especially in the cases of samples G and H. This result confirms the previous results obtained for samples A-E. 
Conclusion
The effect of yarn torsional rigidity on the Cooper model for fabric bending rigidities in any direction was verified. Five cotton fabrics were made and tested, along with three commercial samples, in experiments. The torsional rigidities of yarn from the bobbin and yarn directly extracted from the fabric were measured with a yarn torsional tester. The bending rigidity of yarn from the bobbin was measured using the same pure bending tester used for fabric bending testing. The fabric bending rigidity calculated using torsional rigidities of yarns extracted from the fabric showed better agreement with the experimental values than that calculated using the torsional rigidity of yarn from the bobbin. Measurements showed that the torsional rigidity of yarn from the bobbin was appreciably higher than torsional rigidities of yarns from fabric. This could be due to the crimp of the yarn. The results show that the torsional rigidity of the yarn is affected by the weaving process, and does not remain the same as that of yarn on the bobbin. It was thus found that, in predicting the bending rigidity of fabric using the Cooper model, the measured torsional rigidities of yarns extracted from fabric should be used, instead of yarn straight from the bobbin. The same results were 
